Aims-To investigate if the amniotic membrane (AM) promotes epithelial migration while inhibiting stromal remodelling associated with corneal haze after excimer laser keratectomy. Methods-A wound 150 µm in depth and 6.0 mm in diameter was produced in 40 rabbits using an excimer laser. One eye was randomly chosen to be covered by the AM while the other eye served as a control. Epithelial wound healing was evaluated, together with any morphological changes of the anterior stroma connected with corneal haze. These morphological changes were histopathologically analysed using dichlortriazinyl aminofluorescein (DTAF), Masson trichrome staining, and an image analyser. Results-The AM group had a short latent phase followed by fast epithelial healing (p<0.001) during the early wound healing period and a significant decrease in the inflammatory response, together with a smaller change in the number of keratocytes than the control group. The mean thickness of the regenerated stroma was significantly thinner in the AM group than in the control group at 8 weeks (p<0.0001). The AM group had a more regular architecture of regenerated stromal lamella at 8 weeks and significantly less haze after 4 weeks than the control group (p<0.05). Conclusion-Use of the AM as a dressing on a corneal wound created by excimer laser surgery, in which severe haze is expected, may induce rapid epithelial healing with less inflammatory response. The AM may inhibit the irregular synthesis of stromal collagen that is associated with corneal haze. (Br J Ophthalmol 2001;85:345-349) 
The excimer laser has been used for the correction of myopic refractive error (photorefractive keratectomy, PRK) and for the treatment of superficial corneal opacification and surface irregularities (phototherapeutic keratectomy, PTK). [1] [2] [3] [4] [5] [6] [7] Although both technical and clinical advances have been made in the application of excimer lasers to the cornea, 1-4 the scattering of light that follows regeneration of the corneal stromal tissue can interrupt visual improvement after surgery. [5] [6] [7] The severity of corneal haze is thought to be influenced by the amount of attempted correction, especially in patients undergoing deep stromal photoablation, 2 and may be related to the amount of regenerated stroma. 3 To reduce corneal haze following photoablation, attempts have been made to simulate the wound healing process. [8] [9] [10] [11] [12] [13] Topical steroids were found to inhibit haze 8 9 while the presence of the epithelium ensured rapid wound healing with minimal tissue proliferation. 10 The repopulated stromal keratocytes after a corneal wound subsequently synthesise collagen and extracellular matrix during stromal remodelling, both of which may be associated with the development of corneal haze and a change in clinical refraction. 3 11-13 The ideal result of corneal wound healing following photoablation would therefore be rapid reconstruction of the corneal epithelium with minimal stromal remodelling.
In recent years the amniotic membrane (AM) has been used as a treatment substrate for reconstruction of the ocular surface in patients with limbal stem cell deficiency or a persistent epithelial defect. 14 15 More recently, high levels of several growth factors (basic fibroblast growth factor (b-FGF); epidermal growth factor (EGF); keratocyte growth factor (KGF); hepatocyte growth factor (HGF)) known to modulate the wound healing response have been detected in preserved human AM, 16 17 and it is thought that the high level of EGF present in the AM may be one reason for its use as a dressing for re-epithelialisation after a corneal wound. In addition, Tseng et al 18 have shown that an AM matrix can suppress the transforming growth factor (TGF)-signalling system, DNA synthesis, and subsequent myofibroblast diVerentiation. Furthermore, Choi et al 12 have reported that application of AM reduces keratocyte proliferation and corneal haze after PRK. However, as yet the eVect of the AM on epithelial migration-which is one of the most important biological responses of corneal wound healing-has not been determined. Also, it is unknown whether the AM inhibits stromal regeneration which is known to aVect the development of undesirable haze after excimer laser treatment.
A study was therefore undertaken to investigate the eVects of the AM on corneal wound healing in connection with epithelial migration and to study any histological changes of the stroma in the ablated zone using dichlortriazinyl aminofluorescein (DTAF), Masson trichrome staining, and an image analyser.
Materials and methods

AM PREPARATION
The AM was collected and kept according to the method of Kim and Tseng 19 with minor modifications. The AM was separated from the chorion of the placenta and obtained immediately following caesarean deliveries. Under a lamella flow hood the AM was thoroughly washed with a phosphate buVered saline solution (pH 7.2) containing gentamicin 8 µg/ ml and cefaxoline 4 µg/ml. It was then attached to a nitrocellulose membrane by placing the epithelium side to the top, and further cut into 1.5 cm diameter discs. The AM was stored at -20°C in Dulbecco's modified Eagle medium containing glycerin (Life Technology Inc, NY, USA) in a ratio of 1:1 (vol/vol).
EXCIMER LASER PHOTOTHERAPEUTIC
KERATECTOMY
Forty New Zealand white rabbits with clinically normal eyes weighing 2.5-3.0 kg were used in the experiment. A wound 6 mm in diameter with a depth of 150 µm was created in the centre of the cornea using a 193 nm excimer laser (VISX Star Inc, CA, USA).
AM GRAFT
The AM was washed thoroughly and immersed in 0.9% saline solution containing gentamicin 8 µg/ml and cefaxoline 4 µg/ml for 30 minutes before surgery. Immediately after PTK one eye was randomly covered with the preserved AM with the stromal side facing the ablated corneal surface. The other eye served as the control. The AM was then secured with a pursestring episcleral fixation suture 2 mm behind the limbus using 8/0 polyglactin 910 (Vicryl). Ofloxacin (Samil Pharmaceuticals, Korea) topical drops were applied to all eyes three times daily for 1 week. Three days after surgery the AM was carefully removed.
DETERMINATION OF EPITHELIAL HEALING TIME
Time measurements for wound closure were determined from photographs taken of the defective area at 6 hour intervals for the first 24 hours and then at 12 hour intervals for the next 72 hours after surgery. All photographs were taken at a fixed focus length with the slit lamp (Topcon, Japan) under a cobalt blue filter.
Outlines of the defective areas were measured with an image analyser (Quantiment 520, Cambridge Co, UK). To compare the defective areas quantitatively the spherical areas were calculated from these measurements using the formula of Crosson et al. 20 The healing rates were expressed in regression rates of radius per hour.
ASSESSMENT OF CORNEAL HAZE
The degree of corneal haze produced was measured on days 1 and 3 and again 1, 2, 4, 6, and 8 weeks after surgery by slit lamp microscopic examination. Corneal haze was graded as defined by Fantes et al. 21 When there was a diVerence of opinion on the density grading the mean value was used. However, where there was a diVerence of more than 0.5 grades between two observers the results were omitted from the statistical analysis.
INFLAMMATORY CELL INFILTRATION AND KERATOCYTES IN THE STROMA
Six corneas were collected for histopathological examination on days 1 and 3 and again 2, 4, and 8 weeks after surgery. The histological sections were cut to a thickness of 4 µm through the centre of the cornea and stained with haematoxylin-eosin. The sections were examined under the light microscope (Axioscope, Zeiss, Germany) and photographed digitally with a cooled CCD camera (Micromax Kodak 1317, Princeton Instruments, Tucson, AZ, USA). The numbers of inflammatory cells and keratocytes were counted manually and calculated per 10 000 µm 2 area of the surgical sites with a computer assisted image analysis system (Metamorph, Universal Imaging Co, West Chester, PA, USA). Calculations were performed in four diVerent sites-two in the middle and two at the periphery of the surgical area. The mean (SD) numbers of cells from four calculations are presented.
REGENERATED CORNEAL STROMAL THICKNESS AND ARRANGEMENT
Postoperatively the de-epithelialised and ablated stromal beds were bathed in a fresh solution of 0.5% dichlortriazinyl aminofluorescein (DTAF) dye (Molecular Probes Inc, USA) mixed with 0.2 mol/l sodium bicarbonate buVer for 60 seconds. DTAF is progressively dispersed over a greater area, consistent with regeneration of the tissue, without complete turnover during wound healing. 22 23 Some sections from six extracted eyes from each Figure 1 shows that both control and AM treated eyes had an almost identical course of healing over time, following a curvilinear exponential slope with a slower initial phase, a faster middle phase, and increasing healing latency towards complete epithelial closure. Most of the ablated eyes in the AM group were almost entirely re-epithelialised by 72 hours after surgery while, in the control group, defective areas of epithelium remained in eight of 10 eyes. The areas of the AM group were reduced significantly faster than those of the control group, with separation between regression slopes occurring at 18 hours after surgery (p<0.01).
Results
EPITHELIAL HEALING
The mean duration of the latent phase was shorter in the AM group than in the control group (Table 1) . The rates in the AM group were significantly higher than those in the control group from 6 to 24 hours.
CORNEAL HAZE
The corneal haze was most intense on day 3 and improved markedly by 2 weeks postoperatively, but remained almost unchanged by 8 weeks in the AM group (Fig 2) . However, after 4 weeks the degree of corneal haze in the AM group was significantly less severe than that of the control group (p<0.05).
INFLAMMATORY CELL INFILTRATION AND KERATOCYTES IN THE STROMA
On day 1 after surgery the anterior stroma without epithelium was infiltrated with many polymorphonuclear granulocytes (PMNs) and on day 3 after surgery there were few keratocytes around the inflammatory cells infiltrated in the anterior stroma. The inflammatory cells were infiltrated deeply in the control corneas. The number of inflammatory cells was considerably lower in the AM group than in the control group (Table 2) .
Changes in the keratocytes observed after surgery in both groups are shown in Table 3 . In the AM group the number of keratocytes within the stroma beneath the ablated zone was greater than that of the control group on days 1 and 3 after surgery. After 2 weeks an increased number of keratocytes below the epithelium was noted in both groups. However, the degree of keratocyte proliferation was significantly less in the AM group than in the control group at both weeks 4 and 8.
THICKNESS OF REGENERATED CORNEAL STROMA
Using fluorescence microscopy, the subepithelial zone between the epithelium and the DTAF stained stromal bed showed regenerated stromal tissue that had been synthesised after surgery (Fig 3) . The thickness of the newly regenerated stromal tissue was significantly thinner in the AM group than in the control group 4 and 8 weeks after surgery (Table 2, p<0.0001). 
ARRANGEMENT OF REGENERATED STROMAL
COLLAGEN
In both groups regenerated collagen staining positive for Masson's trichrome stain was observed on the ablated corneal stroma at 8 weeks after surgery. In the AM group the stroma maintained a well arranged lamellar structure and there were fewer keratocytes than in the control group (Fig 4) .
Discussion
Many studies on corneal wound healing following injury to the ocular surface, including excimer laser keratectomy, have focused on inhibiting loss of stromal keratocytes during the early postoperative period. 11 12 24 25 The anterior stromal keratocytes are lost following removal of the corneal epithelium.
11 24 The presence of the corneal epithelium inhibits the synthesis of connective tissue after keratocyte loss, which may result in less corneal haze. 10 25 Thus, the degree of epithelial healing after a corneal wound is thought to aVect stromal remodelling.
The eVects of AM on epithelial migration have not been fully investigated. Recently, Choi et al 12 have shown that the application of the AM had no eVect on epithelial healing after PRK. However, our study of the regression rates of the radius, calculated by the formula of Crosson et al, 20 has shown diVerent results. We found that the use of AM as a dressing induced rapid re-epithelialisation underneath it during the initial stage of wound healing following PTK (Table 1) . Interestingly, in corneas covered with AM we observed a significantly shorter latent phase and more active epithelial migration than in the control group, especially from 6 to 24 hours. Although many events associated with cell migration are less clear, it seems that the AM may promote extensive cellular and subcellular reorganisation of the remaining viable epithelial cells during this time. The results of this study are also thought to support the findings of Koizumi et al 17 who reported that the amniotic epithelium of the AM contains several growth factor proteins (EGF, KGF, HGF, and bFGF) which might facilitate epithelial migration.
The stromal inflammatory infiltrate consists mainly of PMNs which may be responsible for induction of keratocyte apoptosis. 26 Other studies suggest that the application of the AM to a corneal wound after PRK reduces apoptosis in keratocytes 27 and reduces the inflammatory response. 12 The AM was thought to play the same role as the corneal epithelium using a mechanical barrier 12 and basement membrane components in a corneal wound. 19 Our histological observations have also shown that the ablated anterior stroma without epithelium was infiltrated with many inflammatory cells together with a smaller number of keratocytes during the initial stage of wound healing. Although details of the underlying cellular events remain unclear, rapid epithelial healing in the AM covered corneas is also thought to be associated with both a smaller inflammatory response and reduced keratocyte loss during the re-epithelialisation period, together with a marked decrease in the development of haze after re-epithelialisation.
A few days after the corneal wound the remaining keratocytes in the injured stroma begin transformation into activated fibroblasts and migrate into the wounded region so that the subepithelial area becomes hypercellular. 7 21 SundarRaj et al 28 reported that newly deposited collagen within the subepithelial region lacks the organised lamellar arrangement characteristic of normal lamellar architecture. The ablated cornea will stabilise at 4-8 weeks. Furthermore, the 1 month period is required for regeneration of new collagen, as shown by Tuft et al. 13 In our study the number of keratocytes and the degree of haze in the control corneas tended to increase progressively up to 8 weeks after surgery. These results are similar to those reported by Corbett et al. 29 However, in the AM covered corneas there was less repopulation of keratocytes. Sections examined by DTAF staining showed less thickening of the newly formed stroma over the ablated stromal bed. The newly formed collagen showed relatively more regular architecture at 8 weeks by Masson's trichrome stain. Based on these findings, we consider that the histological changes in the regenerated stroma following a corneal wound are closely associated with less haze in the AM covered corneas. It seems that DTAF staining could be used to study regression of the refractive correction by stromal regrowth after PRK for high myopia.
Although the exact mechanisms of these findings remain to be elucidated, we have shown that the use of AM patches after a corneal wound, including excimer laser surgery in which severe haze is expected, may induce rapid epithelial migration. Subsequently, the AM may inhibit irregular stromal collagen synthesis associated with corneal haze. These findings therefore provide further evidence that the AM may be considered as an eVective dressing material for recovery of visual acuity in a variety of corneal wounds including excimer laser keratectomy.
Further studies are needed to investigate the cellular mechanisms and the influence of the AM on the histological changes of the regenerated epithelium in connection with the development of haze and regression.
